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by
Carly A. Strasser
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on 1 April 2008, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Biological Oceanography

Abstract

In this dissertation, I explored metapopulation dynamics and population connectivity,
with a focus on the softshell clam, Mya arenaria. 1 first worked towards developing
a method for using elemental signatures retained in the larval shell as a tag of natal
habitat. I designed and implemented an experiment to determine whether existing
methods commonly used for fishes would be applicable to bivalves. 1 found that the
instrumentation and setup I used were not able to isolate and measure the first larval
shell of M. arenaria. In concert with developing this method for bivalves, I reared
larval M. arenaria in the laboratory under controlled conditions to understand the
environmental and biological factors that may influence elemental signatures in shell.
My results show that growth rate and age have significant effects on juvenile shell
composition, and that temperature and salinity affect larval and juvenile shell com-
position in variable ways depending on the element evaluated. 1 also examined the
regional patterns of diversity over the current distribution of M. arenaria using the
mitochondrial gene, cytochrome oxidase 1 (COI). I found minimal variability across
all populations sampled, suggesting a recent population expansion in the Northwest
Atlantic. Finally, I employed theoretical approaches to understand patch dynamics in
a two-patch metapopulation when one patch is of high quality and the other low qual-
ity. I developed a matrix metapopulation model and compared growth rate elasticity
to patch parameters under variable migration scenarios. I then expanded the model
to include stochastic disturbance. I found that in many cases, the spatial distribution
of individuals within the metapopulation affects whether growth rate is most elastic
to parameters in the good or bad patch.
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Chapter 1

Introduction

1.1 Metapopulations

The concept of a metapopulation, first introduced by Levins (1969; 1970), has received
much attention in marine ecology over the last two decades (e.g. Roughgarden and
Iwasa, 1986; Hanski, 1999; Thorrold et al., 2001; Kritzer and Sale, 2006). Original
definitions of the metapopulation centered around extinction/recolonization events
as the most important process to examine in metapopulation studies (Levins, 1969).
More recently, the concept of a metapopulation has been expanded to include many
other questions about interconnected populations, including population size, struc-
ture, and long-term trends.

In 2004, Kritzer and Sale examined the validity of Levins’ original metapopula-
tion definition from the perspective of marine ecology, drawing heavily from Hanski
(1999), and re-defined a metapopulation based on the two spatial scales at which
metapopulations exist: the patch (i.e. subpopulation or local population) scale, and
the regional scale (Kritzer and Sale, 2004, p. 138). More recently, Sale et al. (2006)
defined the degree of connection between patches more explicitly for their definition

of a metapopulation:

We define a metapopulation as a system in which (1) local populations

inhabit discrete habitat patches and (2) interpatch dispersal is neither
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so low as to negate significant demographic connectivity nor so high as
to eliminate any independence of local population dynamics, including a

degree of asynchrony with other local populations. (Sale et al., 2006, p. 6)

The degree to which patches are interconnected is determined by the migration of
individuals between those patches, which then dictates their demographic connectiv-
ity. Because of this link between migration and connectivity, Kritzer and Sale (2004)
suggest that estimates of exchange rates should be a priority for future research. Mi-
gration is, in fact, one of the most important features for determining metapopulation
dynamics (Stacey et al., 1997). Its importance extends beyond the effects of migra-
tion on local population dynamics. Migration facilitates gene flow among patches
and therefore affects metapopulation genetic structure (Gillespie, 1981), and is es-
pecially critical for long-term metapopulation success when patches are subjected to
stochastic environmental variability (Howe and Davis, 1991; Bascompte et al., 2002;
Hill et al., 2002).

Although the metapopulation concept evolved primarily in the terrestrial liter-
ature, it is highly relevant to marine populations. This was not recognized in the
literature any appreciable numbers until the mid-90’s (Grimm et al., 2003). Prior
to that time, marine ecologists had focused on the importance of larval recruitment
for structuring marine populations (Connell, 1985), later recognizing the impacts of
recruitment variability in population dynamics on coral reefs (Sale, 1977) and along
rocky coastlines (Caffey, 1985; Roughgarden et al., 1985). Although evidence from
larval dispersal and recruitment dynamics studies alluded to the concept of metapop-
ulations, population structure was not explicitly considered until Roughgarden and
Iwasa (1986) and Iwasa and Roughgarden (1986). Since then, there has been much
discussion of population connectivity and the importance of migration for structuring
marine populations.

Despite interest in population connectivity and marine metapopulations, empiri-
cal studies of migration rates are few in number for marine invertebrates. Much of the
published literature focuses on migration estimates based on genetics (e.g. Grosberg

and Cunningham, 2001; Gilg and Hilbish, 2003; Sotka and Palumbi, 2006) or theoret-
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ical models (e.g. Incze and Naimie, 2000; Roegner, 2000). The paucity of empirical
migration estimates for benthic invertebrates is due to characteristics of the stage
in which dispersal takes place; the larval stage is very small and is subject to high
mortality and dilution rates (Thorson, 1950, 1966). Despite these obstacles, in recent
years the field of marine ecology has sought to quantify the exchange of individuals
among geographically separated patches in a metapopulation, termed larval connec-
tivity (Cowen et al., 2007). In this thesis, I worked towards developing the use of
shell chemistry as a means of measuring migration rates, and therefore connectivity,
between patches of the softshell clam, Mya arenaria. 1 also used genetics as a natural
tag of environment to estimate gene flow. Finally, I developed and implemented a
theoretical model to explore metapopulation dynamics and understand the effects of

migration on metapopulation growth rate.

1.2 Thesis Goals

My thesis began as method development: I set out to study connectivity and retention
of the softshell clam Mya arenaria in the Northwest Atlantic using elemental signa-
tures incorporated into the larval shell as tags of natal habitat. My first goal was
to verify that the instrument commonly used in other natural tagging studies, laser
ablation inductively coupled plasma mass spectrometry (ICP-MS), could be used for
analyzing bivalve larval shell. Results from my experiment (presented in Chapter
2) instead indicated that this instrument, in the configuration used, was not able
to analyze the extremely thin first larval shell of M. arenaria. These results were
not expected, and I was forced to re-think my approach to my thesis questions. My
results serve to discourage ecologists from adopting methods that have proven useful
for other systems without first carefully considering and validating the method for
their particular species. The general approach of using biogenic carbonate chemistry
for connectivity studies is still useful; different sensors may be more sensitive, or even
a different application of ICP-MS might be developed to analyze the surface of larval

shells. Although I chose not to pursue further technique development, the potential
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for bivalve shell chemistry to provide ecologically relevant information—whether for

connectivity or other environment indicators—remains.

If biogenic carbonate is to be used successfully as an environmental indicator
(for connectivity studies or otherwise), it is essential to understand the effects of
environmental and biological factors on elemental composition. In Chapters 3 and
4 report on experiments I conducted to understand some of the factors potentially
affecting the composition of M. arenaria shell. Chapter 3 focuses on the effects of
growth rate and age on elemental incorporation into shell, and Chapter 4 focuses on

temperature and salinity effects on both larval and juvenile shell.

When I discovered that 1 would not be able to answer connectivity questions
about M. arenaria using laser ablation ICP-MS, at least in its present configuration,
I began pursuing population genetics as a different type of natural tag. The spatial
and temporal scale at which genetics is useful for parsing out population variability
depends on the genetic marker chosen. I sequenced the mitochondrial cytochrome
oxidase I gene, which has proven useful in connectivity studies of other invertebrates.
I included populations in the northwest Atlantic, the North Sea, and the Pacific in my
study; these sites represent the species’ native and introduced range. I was therefore
able to assess connectivity on larger temporal and spatial scales, and examine patterns

relating to M. arenaria’s natural history. These results are reported in Chapter 5.

The variability in COI that I was able to detect proved informative about the
history of M. arenaria over global spatial scales. Although my results showed that
populations in New England were not isolated from one another, I was not able to
address larval exchange rates over ecologically relevant time scales. In an attempt to
return to my original questions about population connectivity and metapopulation
dynamics, I began using mathematical models of M. arenaria metapopulations. The
matrix population model presented in Chapter 6 began by my adding spatial structure
to previous work on M. arenaria by Ripley and Caswell (2006). As I developed the
model, it metamorphosed into something more generally applicable to any metapop-
ulation subjected to stochastic disturbance. The model can be used to understand

how metapopulation dynamics are affected by environmental variability. In addition,
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I used sensitivity analysis to determine the effects of migration on metapopulation
growth rate. I found that since migration dictates the relative distributions of indi-
viduals in patches, metapopulation growth rate is highly sensitive to the proportion
of individuals moving between patches.

Although the chapters of this thesis are presented in chronological order, it might
be more useful to consider the results of Chapter 6 as evidence of the importance of
migration for determining metapopulation dynamics, providing justification for my
attempts to study dispersal in previous data chapters. The themes and questions of
this thesis are generally applicable to other marine benthic invertebrates and lend
knowledge to the broader concept of population connectivity and the techniques used

to explore this important ecological concept.
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Laser ablation ICP-MS analysis of larval shell in softshell clams
(Mya arenaria) poses challenges for natural tag studies

C.A. Strasser, S.R. Thorrold, V.R. Starczak, and L.S. Mullineaux

Woods Hole Oceanographic Institution, Woods Hole, MA 02543

Abstract

We investigated whether laser ablation inductively coupled plasma mass spectrometry (ICP-MS) could be used
to quantify larval shell compositions of softshell clams, My« arenaria. The composition of aragonitic otoliths has
been used as a natural tag to identify natal habitat in connectivity studies of fish. If it is possible to measure lar-
val shell reliably, this technique could also be applied to marine bivalves. To determine whether the first larval
shell (prodissoconch I) could be measured independent of underlying material, we conducted laboratory exper-
iments in which larval M. arenaria were exposed to enrichments of the stable isotope '*Ba during different stages
in shell development. We were unable to isolate the chemical signature of the prodissoconch I from subsequent
life stages in all combinations of shell preparation and instrument settings. Typical instrument settings burned
through the prodissoconch 1 on a post-settlement juvenile and at least 9 d of second larval shell (prodissoconch II)
growth. Our results suggest instrumental and technical improvements are needed before laser ablation ICP-MS
can be useful for connectivity studies that require analysis of larval shell on a post-settlement M. arenaria juve-
nile. Laser burn-through is potentially a problem in any connectivity study where it is necessary to assay the

small amounts of shell material that are deposited before a larva disperses away from its natal location.

Most marine benthic invertebrate life cycles include a plank-
tonic larval phase that facilitates dispersal among adult popula-
tions (Thorson 1950). Connectivity, or the degree to which geo-
graphically separated populations exchange individuals, is an
important factor in the spatial population dynamics of many
marine organisms (Moilanen and Nieminen 2002). An under-
standing of connectivity in marine benthic populations is
important because of the role spatial dynamics play in fisheries
management and the design and implementation of marine
protected areas. However, studying larval dispersal is challeng-
ing due to small larval sizes, high dilution rates, and high larval
mortality rates (Thorson 1950, 1966).

In recent years, the use of artificial and natural tags to track
marine larvae has been explored (e.g., Levin 1990; Thorrold et
al. 2002). One type of natural tag that may be useful for identi-
fying natal origins is elemental signatures recorded in biogenic
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carbonate. This technique relies on the observation that some
elements are incorporated into the calcium carbonate matrix
in amounts that are related to the dissolved concentrations
and physical properties of the ambient water (e.g., Bath et al.
2000; Elsdon and Gillanders 2003; Fowler et al. 1995; Thorrold
et al. 1997; Vander Putten et al. 2000). Provided water chem-
istry or temperature is significantly different among natal
habitats, such variation can serve as a natural tag, or signature,
of the geographic origin of organisms. The use of geochemical
signatures in fish otoliths as natural tags for population stud-
ies is well established (Campana and Thorrold 2001). Recent
efforts have expanded the use of elemental tags to inverte-
brates including decapods (DiBacco and Levin 2000), gas-
tropods (Zacherl et al. 2003), bivalves (Becker et al. 2005), and
cephalopods (Arkhipkin et al. 2004).

Most studies attempting to obtain time-resolved elemental
signatures from calcified tissues have used laser ablation induc-
tively coupled plasma mass spectrometry (ICP-MS). Conven-
tional solution-based ICP-MS analyses are generally more pre-
cise than laser ablation assays but lack the ability to resolve
elemental signatures from individual life stages (Campana et al.
1997). Laser ablation ICP-MS is particularly useful for larval
studies because it allows the core of an otolith or the larval shell
of a juvenile bivalve to be targeted. Yet, surprisingly few studies
have empirically tested the effective spatial resolution of laser
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Fig. 1. Shell development in M. arenaria. Pl and PII larval shells are
underlain by juvenile and, ultimately, adult shell.

ablation 1CP-MS. The goal of this study was to determine if
techniques that have proven successful in otolith studies were
also useful for quantifying larval dispersal of the softshell clam,
Mpya arenaria. Specifically, we tested if it was possible to isolate
and measure the early larval shell (prodissoconch 1) of M. are-
maria using laser ablation ICP-MS without contamination from
underlying late larval and juvenile shell material. This study is
an important step in developing the use of elemental signatures
in mollusc shells as tags of natal habitat because isolation of the
early larval shell is critical for connectivity studies.

Materials and procedures

Study species—Adult M. arenaria broadcast spawn their
gametes into the water, where fertilized eggs develop into
non-feeding shell-less trochophore larvae. Within 24 h of
spawning, the trochophore metamorphoses into a veliger and
lays down its first larval shell, the prodissoconch I (hereafter PI),
which is approximately 90 um in diameter (Loosanoff et al.
1966). After forming the PI, the veliger begins feeding in the
plankton. Over the next 1 to 3 weeks, it lays down the second
larval shell, the prodissoconch II (hereafter PII), which grows
to diameters of 150 to 200 um (Loosanoff et al. 1966). The
veliger then finds suitable habitat, settles to the bottom, and
metamorphoses into a juvenile M. arenaria. Juvenile and,
eventually, adult shell is laid underneath larval shell, extend-
ing away from the umbo (Fig. 1). Larval shells are retained dur-
ing clam growth and development, and the PI can be identi-
fied easily on newly settled juveniles. Estimated water
retention times for typical New England estuaries are 2 days to
a week (Asselin and Spaulding 1993; Brooks et al. 1999; Shel-
don and Alber 2002). If larvae are essentially passive particles,
then they are also retained in estuaries for 2 days to a week
after spawning, which would be sufficient for the PI larval
shell to form before potential dispersal occurs. If the composi-
tion of the larval shell on a juvenile M. arenaria can be mea-
sured accurately, we may be able to answer questions about
larval retention and dispersal.

Clam rearing—M. arenaria veligers were obtained from the
Eastham Hatchery Facility in Eastham, Massachusetts, within
6 h of spawning and transported to Woods Hole, Massachusetts.

Unspiked
No shell spiked

Early Spike
PII, juvenile shell
spiked

Late Spike
Some juvenile shell
spiked

Fig. 2. Location of the '*Ba spike treatments relative to shell develop-
ment. Shaded regions show areas of spiked shell.

Approximately 400,000 individuals were divided into nine
identical covered 10 L tanks. Tanks were filled with 20°C fil-
tered seawater (salinity = 32). Assuming roughly 10% mortal-
ity during transport from Eastham to Woods Hole, initial lar-
val counts were approximately 40,000 per tank. Each tank was
randomly assigned one of three treatments described below,
with three replicate tanks per treatment.

Several larvae were subsampled from each tank after 48 h,
and the PI was present in all sampled larvae. We then exposed
clams to one of three treatment conditions that differed in the
timing of exposure to the stable isotope '**Ba (Fig. 2). Tanks in
the first treatment received no '**Ba spike and therefore the
water had a natural '**Ba:'*’Ba ratio (“Unspiked”). Tanks in the
second treatment received a '**Ba spike of 25 ng g' at day 2,
immediately after the PI had set (“Early Spike”). Tanks in the
third treatment received a '**Ba spike of 25 g g' at day 9, 7 d
after the PI set (“Late Spike”). By day 9, most of the larvae
appeared to have set the PIl and become competent to settle
based on their shell size, tendency to accumulate at the bottom
of the tank, and use of their foot for locomotion. This is faster
than the estimated two to three weeks residence time of M. are-
naria veligers in the field. Laboratory clams typically grow and
mature faster compared with those in the field because of opti-
mized rearing conditions (H. Lind, pers. comm.).

Larvae swam freely in tanks for the first 10 d, after which
time they were contained in mesh sieves suspended in the
tanks. Water pumps were used to create a downward current
that encouraged larvae to settle out of the water column. Sub-
sampling of tanks indicated that larvae metamorphosed
within 2 to 3 d after downwelling began. Clams were fed
Isochrysis sp. and Pavlova sp. algae at least once every 2 d, and
the water in each tank was changed every 2 d. In the Early and
Late Spike tanks, a '**Ba spike concentration of 25 pg.g' was
maintained for the duration of the experiment by adding '**Ba
immediately after each water change. After 60 d, clams ranged
in size from 0.5 mm to S mm. They were removed from their
tanks and frozen until prepared for ICP-MS analysis. Mortality




rates were high in all tanks, and seven of the nine tanks had
survivors: three replicate tanks from the Unspiked treatment
(n=3S, n= 33, n=7), two replicate tanks from Early Spike
treatment (7 = 75, n = 22), and two replicate tanks from the
Late Spike treatment (7 = 14, 7 = 8).

Shell preparation—Shells were cleaned thoroughly using
techniques developed for foraminiferan tests (Boyle 1981)
with modifications specifically for M. arenaria. Clams were
placed in individual acid-washed vials using acid-washed plas-
tic forceps, and sonicated briefly to remove tissue and debris.
Individuals were rinsed three times with ultrapure H,O, then
soaked for 10 min at 80°C in 1% H,0, solution buffered with
suprapur NaOH (1 N) to remove organic material. Afterward,
shells were rinsed three times with ultrapure H,0, transferred
to clean, acid-washed vials, rinsed four times with ultrapure
H,O, then left to dry overnight under a laminar flow hood.
Shells were inspected after cleaning and drying for any
remaining organic material; dried tissue was removed in the
few cases where it was present.

Shells were mounted for laser ablation ICP-MS analysis on
glass slides using Devcon®© Super Glue. One valve of each clam
was oriented so that the retained larval shell was accessible by
the laser (i.e., umbo facing upward), while the second valve
was oriented concave side down so that the laser could access
the flattest portion of the juvenile shell. All cleaning and
preparations were conducted in a Class 100 clean room.

Laser ablation ICP-MS analysis—Shell material was analyzed
using a Thermo-Electron Element2 ICP-MS coupled to a New
Wave Research 213 nm laser ablation system. Vaporized mate-
rial from the ablation was transported via a helium gas stream
to the dual-inlet quartz spray chamber where it was mixed
with a 2% HNO, aerosol from a self-aspirating PFA 20 uL. min-"'
nebulizer. The analyte was then transported to the ICP-MS via
an argon carrier gas. An aragonite otolith reference material
dissolved in 2% HNO, and diluted to a Ca concentration of
40 pg g (Yoshinaga et al. 2000) and a 2% HNO, blank solu-
tion were run periodically to correct for mass bias drift. We
measured “*Ca, '*Ba, and '*7Ba in low resolution mode. Iso-
tope ratios of '**Ba to '*7Ba were calculated using mass bias cor-
rection calculated from calibration standards that we assumed
contained natural '**Ba:'¥Ba ratios. Blank intensity averages
and standard deviations were calculated for each of the three
analysis periods (Oct 2005, Jan 2006, Feb 2006). Limits of
detection (LOD) were calculated as the ratio of three standard
deviations of the blank intensity to the average blank-sub-
tracted sample intensity. For the three time periods over
which samples were analyzed, sample intensities were > 100,
> 690, and > 2800 times the detection limit for **Ca; > 100,
> 30, and > 20 times the detection limit for '*’Ba; and > 290,
> 127, and > 30 times the detection limit for '*Ba, respectively.

Measurements were taken from two positions on each
clam: one on the larval shell at the umbo, and a second on
juvenile shell material 600 um away from the umbo (umbo
and juvenile measurements, respectively). Shell composition
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Table 1. Laser ablation ICP-MS settings
M. arenaria shell

used to analyze

_ Raster setting Spot setting

Laser pattern 70 um? raster 80 um spot
Laser power 80% 50%

Beam size 25 pm 80 um
Repetition rate 10 Hz 5 Hz

Scan speed 12 um s

Line spacing 10 um

for each clam was analyzed using one of two laser settings
(Table 1). In the first case (Raster Setting), the laser removed
shell material systematically from a 70 uym x 70 um square
raster pattern. Instrument and laser settings were chosen to
maintain **Ca counts above two million counts s™'. For the
second setting (Spot Setting), the laser was focused on a single
spot with a beam diameter of 80 um, and laser energy was
reduced to 50% power. The laser pulsed on the spot repeat-
edly, boring down into shell material. Therefore, at least the
first few seconds of measurement at the umbo should reflect
larval shell; afterward the laser was expected to penetrate
underlying material. This setting was used to explore whether
the composition of thin larval shell could be quantified at
reduced laser power with minimal material removed (i.e., only
a few seconds of material ablation).

Rationale for experimental setup—Umbo and juvenile shell
were each measured on clams from the three Unspiked treat-
ment tanks (7= 13, 7 =9, 7 = 6) to test whether uptake dif-
fered between umbo and juvenile areas of the shell. No statis-
tically significant differences were found for the three tanks
combined (paired ¢ test, /= 0.83, » = 28, P = 0.42) so only
umbo measurements were used to simplify analysis.

Shell ratios of '*Ba:'*’Ba were expected to fall into one of
three categories: a natural ratio, a fully '**Ba-spiked elevated
ratio, or somewhere between these two end members. The
natural ratio was determined by measuring shell that was not
spiked (i.e., clams from the Unspiked treatment). The fully
spiked ratio was determined for each clam individually in the
Early and Late Spike treatments by measuring juvenile shell.
Umbo measurements of clams from Early Spike and Late Spike
treatments were expected to show one of three results,
depending on the depth of laser penetration (Fig. 3): (A) no
laser burn-through: umbo measurements from Early and Late
Spike treatments did not significantly differ from unspiked
shell; (B) some laser burn-through: umbo measurements from
the Early Spike treatment have a significantly higher ratio
than unspiked shell; umbo measurements from the Late Spike
treatment have a ratio that does not differ significantly from
unspiked shell; (C) extensive laser burn-through: umbo mea-
surements from Early and Late Spike treatment have ratios
that do not differ significantly from spiked juvenile shell.

If laser burn-through does occur, we may be able to cor-
rect for it by subtracting out the signal from any underlying
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Fig. 3. Three possible scenarios for extent of laser burn-through. Graphs
are the expected '**Ba:"*Ba ratios for umbo measurements from the three
treatments, depending on depth of laser penetration: (A) no laser burn-
through, (B) some laser burn-through, and (C) extensive laser burn-
through. Shaded regions of the shell graphics indicate spiked material.
The shaded horizontal line in each graph at Expected '**Ba:'*’Ba ~20
shows fully spiked shell, while the line at Expected '**Ba:'*’Ba ~6 shows
the natural '**Ba:'*’Ba ratio.

shell that might be contaminating our results. To determine
if this was possible, we used a simple mixing equation (Eq. 1)
to calculate the proportion of spiked and unspiked material
ablated for each clam’s umbo measurement from the spiked
treatments:

[ "™Ba)

{ "™Ba\

("5a

[ ™Ba\

“(Wa)

where X is the proportion of spiked versus unspiked material
ablated from the umbo of the clam, (“*Ba:'VBa)y ., is the
ratio from the juvenile measurement of the clam,
("**Ba:'Ba) . 15 the average ratio from umbos of clams in
the Unspiked treatment, and ('**Ba:'¥’Ba) is the ratio from

(1)
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the umbo measurement. Equation 1 was rearranged to deter-
mine the proportion of spiked material for each clam:

Unspikedt

Editing profiles from Spot Setting—The Spot Setting was used
to determine if unspiked material could be detected by pro-
ducing a Ba isotope depth profile centered on the PI position
of the shell. Data were initially acquired from a 2% HNO,
blank solution, with laser ablation beginning approximately
18 s into data collection. The resulting intensity profiles were
edited as follows to determine blank intensities and shell
material intensities for the three isotopes of interest. Blank
values were calculated as the average of the first 18 s of analy-
sis. We started collecting data for shell material once a data
point was 50% higher in **Ca intensity than its predecessor for
a total of 20 s. Detection limits were then calculated for the
three isotopes based on the blank intensities, and only data
with intensities at least 20% above the detection limit for all
three isotopes were included in analyses (Fig. 4). The criterion
used to remove data below the detection limit resulted in
some profile sequences being shorter than others; time pro-
files ranged from 9 to 20 data points.

Assessment

Differences between treatments—Using the Raster Setting, the
average (+ SD) '**Ba:'*"Ba ratio in shell material was 6.4 + 1.0 for
Unspiked umbo (7= 19), 20.3 £ 6.1 for Early Spike umbo (7= 12),
and 15.5 + 2.3 for Late Spike umbo (# = 11) (Fig. S). Using the
Spot Setting, the average (+ SD) ratio was 5.8 + 1.1 for unspiked
umbo (7= 8), 20.0 £+ 1.9 for Early Spike umbo (7= 14), and 15.5
+ 3.9 for Late Spike umbo (7 = 3). To determine if laser burn-
through occurred, we first tested whether there was significant
variation in mean umbo measurements among treatments and
among tanks within treatments using a mixed model nested
ANOVA (Table 2). Under both Raster and Spot Settings, mean
umbo measurements were significantly different between the
three treatments (Raster, £, ,. = 56.4, 7<0.0001; Spot, £, ,, = 72.5,
P < 0.0001), with Unspiked ratio < Late Spike < Early Spike
(Tukey-Kramer Test). We found no significant differences among
tanks within treatments for the raster setting (= 0.88; number
of clams per replicate tank: 7= 7, 7= 6, #= 6 for Unspiked; 7= 6,
n = 6 for Early Spike; 7 = 6, n =5 for Late Spike). We were not
able to test for differences among tanks within treatments for the
spot setting due to insufficient numbers (number of samples: 7
=5, n= 3 for Unspiked; » = 14 for Early Spike; » = 3 for Late
Spike). Hereafter measurements from tanks of the same treat-
ment were pooled. Because both Early and Late Spike umbo
ratios differed significantly from Unspiked umbo, we rejected
laser burn-through scenarios A and B and concluded that exten-
sive laser burn-through was occurring (Fig. 3C).
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Fig. 4. Representative unedited intensity profiles for individual clams from laser ablation-ICP-MS measurements using the Spot Setting for (A) **Ca and (B)
1*Ba. The data in the first shaded region were used to calculate the blank levels, and the data in the second shaded region were excluded from analysis.

Ratios for individual clams—The extent of laser burn-through
was addressed by comparing umbo measurements with spiked
juvenile shell for each clam using a paired ¢ test. If the umbo
ratio was not significantly different from spiked juvenile shell,
it suggests that a measurable quantity of unspiked shell was not
present at the umbo. For the Raster Setting, umbo mea-
surements were not significantly different from juvenile mea-
surements in Unspiked clams (7 = -0.45, n = 19, 2 = 0.66) or
Early Spike clams (7 = -1.0, » = 12, 7 = 0.34). In Late Spike
clams, the umbo '**Ba:'*’Ba ratio of 15.6 was slightly lower
than the juvenile shell ratio of 18.3 (7= 2.7, n= 11, P < 0.05).
Results were similar using the Spot Setting. Unspiked and Early
Spike umbo means were not significantly different from juve-
nile measurements (/= 1.6, »=9, 2= 0.15; and 7= 0.85, n= 14,
P = 0.41, respectively), whereas Late Spike mean umbo and
juvenile ratios differed, although sample size was small (=-7.0,
n = 3, 2< 0.05). The umbo and juvenile ratios are plotted for
each clam from the Raster Setting (Fig. 6). Results were similar
for Spot Setting analyses and are not presented. The data were
again consistent with a scenario of extensive laser burn-
through (Fig. 3C). Umbo shell ratios tended to be more similar
to juvenile shell ratios than to unspiked shell, indicating that
umbo measurements were not isolating the unspiked larval
shell from underlying shell material.

For some clams, umbo ratios were unexpectedly higher
than juvenile ratios (Fig. 6). In theory, all juvenile clams expe-
rienced the maximum amount of spike, but ratios in juvenile
shell were variable among clams, ranging from 9.4 to 22.3.
Some of this variability might be attributed to physiological
differences among clams, but much of it likely originates from
variability in the laser ablation ICP-MS measurements. For
instances when umbo ratios were higher than juvenile ratios
for the same clam, the magnitude of the difference was within
the range of variability expected based on the range seen in
juvenile shell ratios.
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Late Spike umbo ratios were slightly lower than Early Spike
umbo ratios, indicating that a larger proportion of unspiked
shell was being ablated in Late Spike clams. Clams in this treat-
ment were allowed to set shell for 9 d without spike; however
measurements from the umbo still showed only a small differ-
ence from fully spiked shell. This is a surprising result with
implications for the usefulness of ICP-MS in connectivity stud-
ies. Measurements taken at the umbo may not represent natal
habitat signatures alone, but rather the integration of habitats
encountered by the organism over more than 9 d of life.

Time profiles of umbo measurements—Spot Setting data were
used to investigate whether unspiked larval shell could be
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Fig. 5. Average umbo "**Ba:'*’Ba ratios (+ standard error) for clams mea-
sured using Raster and Spot Settings in the three treatments. The shaded
horizontal line shows the natural '**Ba:'*’Ba ratio.



Table 2. Results from ANOVA testing for differences among
treatment mean ratios

Source df MS F p
Raster Setting
Treatment 2 760 56.4 < 0.0001
Tank (Treatment) 3 5.36 0.397 0.877
Error 35 13.5
Spot Setting
Treatment 2 497 725 < 0.0001
Error 23 6.86

For the raster setting, results are from a mixed model nested ANOVA test-
ing for differences among treatment means and for variation among tanks
nested within treatments. For the spot setting, results are from a one-way
ANOVA; data from tanks were combined to have sufficient sample size to
test for differences among treatment means (see Methods).

detected in the first seconds of laser ablation. This would be
evident if initial '**Ba:'¥’Ba ratios were near natural levels, or
at least significantly lower than subsequent ratios. Visual
inspection of depth profiles suggested that unspiked shell was
not being detected early during ablation (Fig. 7). To statisti-
cally test this, we averaged the first five points of shell ablation
data and compared the value with an average of the remain-
ing 15 points using a paired 7 test. Five points were averaged
to represent initial shell because single data points are highly
variable and subject to small fluctuations in the amount of
material ablated and instrument sensitivity (Guillong et al.
2001; Russo 1995). If a significant proportion of material
ablated early was composed of unspiked shell, the first five
points should be significantly lower than the last 15. In all
treatments, the first five points were not significantly lower
than the last 15 (Unspiked: 7= 1.2, n = 7, 7= 0.29; Early Spike:
1=1.979, n=13, P=0.071; Late Spike: t=-1.2, n= 5, P=.30).
The lack of unspiked material might be due to the over-
whelming signal of underlying spiked shell, or that the points
representing unspiked shell fell below the > 20% detection
limit cutoff and were excluded. In either case, our results sug-
gested that unspiked larval shell was not detectable even when
laser power was reduced and minimal material ablated.

Neither Early nor Late Spike treatments were spiked during
PI formation. As a result, initial shell measurements at the
umbo should have reflected unspiked shell if only the Pl was
measured. Measurements taken later (deeper) were expected to
have an increase in the ratio of '*Ba:'*’Ba, and the timing of
that increase would be related to the time when the spike was
added during shell formation. The absence of detectable
unspiked shell at the beginning of ablation for both Early and
Late Spike treatments suggests that laser ablation does not iso-
late and measure the first larval shell accurately. Furthermore,
based on results from Late Spike clams, the first few seconds of
laser ablation removes at least 9 d worth of shell growth from
laboratory-reared clams.

Although we were unsuccessful at measuring the larval shell
in our study, there is no evidence that the PI larval shell is meta-
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Fig. 6. **Ba:'*’Ba ratios for each clam, for each of the three treatments
as measured by the Raster setting: (A) Unspiked, (B) Early Spike, and (C)
Late Spike. The shaded horizontal line in each graph shows the natural
13¥Ba:'¥Ba ratio.

bolically reworked, absent from the juvenile shell, or otherwise
unusable for connectivity studies. However, our study demon-
strated that regardless of the presence, absence, or inert qualities
of the larval shell, we were unable to detect or measure the lar-
val shell with the settings and instrumentation reported.
Proportion spiked material—We calculated the proportion of
spiked material for Early and Late Spike umbo measurements
from the Raster Setting using Eq. 2 (Fig. 8). Average propor-
tions of spiked material (+ SD) were 1.3 + 0.7 (7= 12) for Early
Spike umbo measurements and 0.9 + 0.5 (7= 11) for Late Spike
umbo. A one-sample 7 test showed no significant difference
between mean proportions and unspiked material, i.e., the
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Fig. 7. Three representative edited time profiles of '**Ba:"’Ba for individual clams using the Spot Setting: (A) Early Spike umbo, (B) Late Spike umbo,
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mean proportion did not differ from 1.0 (Early Spike: 7= 1.5,
P =0.16; Late Spike: 7= -0.7, P =.48). Results were similar for
Spot Setting clams and are not shown.

Variability in the ratios of umbo measurements among indi-
viduals from the two spiked treatments resulted in a high degree
of variability in the calculated proportion of spiked material. We
were able to detect this variability and quantify the amount of
spiked versus unspiked shell since material underneath the lar-
val shell was tagged using '**Ba. However, this variability is not
easily predicted or quantified in field samples of M. arenaria
since there is no known element with different, and constant,
concentrations in larval versus juvenile shell. Therefore, we
concluded that correcting for laser burn-through using Eq. 2
likely would not be useful for field samples.

Discussion

Implications for connectivity—We were unable to isolate and
measure the larval shell of M. arenaria using laser ablation
ICP-MS settings designed for minimal shell removal. The laser
consistently burned through the larval shell and into under-
lying late-stage larval and juvenile material. In addition, the
proportion of underlying shell ablated was too variable to
allow for any reliable correction to account for the burn-
through. Our study suggests laser burn-through is a significant
problem for connectivity studies of M. arenaria, and possibly
of other molluscan species that may spend only a short time
in their natal location.
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New England estuaries tend to have residence times on the
order of 2 d to more than a week (Asselin and Spaulding 1993;
Sheldon and Alber 2002), suggesting that larvae may experi-
ence their natal habitat for as few as 48 h. Our results indicate
that we burned through at least 9 d of shell growth in the
umbo region of laboratory-reared juvenile M. arenaria. The
number of days of growth ablated depends on shell growth
rate, which varies depending on field environmental condi-
tions and laboratory rearing conditions (LaValley 2001).
Although there may be some differences between growth rates
in the field and those of clams in our experiment, our results
show that laser ablation removes significantly more shell than
what is laid in the first 24 to 48 h, when clams are most likely
retained in their natal habitat.

Laser burn-through appears to be a substantial problem for
connectivity studies of organisms with rapid dispersal, but it
may be less problematic in other scenarios. Species that brood
their larvae may produce more shell material before potential
dispersal, making isolation of natal habitat signatures possible.
Similarly, larvae that are broadcast spawned but retained in
their natal habitat for most of their larval stage due to physics
might have time to deposit sufficient shell for reliable mea-
surement. However, requiring that organisms experience their
natal habitat for long periods of time limits the species we can
study using natural tagging techniques.

Alternative approaches—In this study, we chose to explore laser
burn-through issues relating to laser ablation ICP-MS because it



